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A new grain refiner master alloy based on the Al-Zr-Ti system was prepared
by salt-assisted synthesis. Of the Al3Zr particles in the master alloy, 90% were
ranged between 1 lm and 13 lm. An 80% reduction in the grain size was
observed with the addition of an equivalent 0.2 wt.% Zr master alloy combined
with ultrasonic treatment in an Al alloy. The new master alloy demonstrated a
30% improvement in grain refinement efficiency as compared to the master
alloy prepared from conventional binary master alloys.
INTRODUCTION
Grain refinement is an important practice assur-
ing the quality of metal castings, e.g., by reducing
casting defects and improving the properties for
downstream processing. There are several tech-
niques available to induce grain refinement: phys-
ical methods (mechanical shearing and ultrasonic
cavitation); and chemical methods (inoculation and
growth restriction). The most common practice is
inoculation of the aluminum with TiB2 particles
introduced in the form of Al-Ti-B master alloys.
Excessive Ti within the master alloys acts as a
growth restriction element in addition to activating
TiB2 substrates.
1,2 For industrial use, Al-Ti-B mas-
ter alloys are added as rods or waffles to melt in the
furnace or launder prior to casting. One major
drawback of Al-Ti-B master alloys is the agglomer-
ation of TiB2 particles in the melt during master
alloy addition, which may affect the quality of the
cast metal and create defects in the casting. Another
is the limited efficiency in high-Si alloys due to the
‘‘poisoning’’ of TiB2.
2 Direct alloying with high-
growth restriction elements such as Ti and V
provides grain refinement in Al but this requires
high addition rates (0.15–0.35 wt.%) and is there-
fore expensive. Several studies have identified
intermetallic compounds such as Al3Ti, Al3Nb, and
Al3Sc in aluminum alloys that may act as efficient
nucleation sites during solidification.1,3,4
Ultrasonic cavitation is reported as an efficient
method for grain refinement.5,6 In particular, ultra-
sonication (US) of molten Al alloys was found to
reduce the size and change the morphology of the
intermetallics that usually form above the solidifica-
tion temperature of aluminum.7 Grain refining in Al
alloys containing Zr that has been subjected to US
was reported in the 1960s8 but without proper
analysis of the mechanisms. Considerable grain
refinement was achieved in Zr and Ti containing
pure Al, Al-Cu alloys, and in a number of commercial
alloys when ultrasonic cavitation was applied in the
temperature range of primary solidification of inter-
metallics.7,9 It was suggested that the refinement of
large (tens of lm) primary Al3Zr intermetallic parti-
cles to a size of a few lm and their dispersion make
them suitable for becoming heterogeneous nucle-
ation sites for the aluminum.7,9 It was also found that
the Al3Zr phase readily nucleates on alumina inclu-
sions.10 In this case, the ultrasonication facilitates
this process by wetting and dispersing the naturally
occurring oxides. Hence, several mechanisms of
primary intermetallic refinement under US process-
ing could operate, e.g., enhanced nucleation on
dispersed oxides and fragmentation of crystals. The
grain refinement of Al alloys with primary inter-
metallics and ultrasonic cavitation can be attractive
to the industry because it (1) eliminates the necessity
of AlTiB additions (some high-strength alloys actu-
ally already contain additions of Zr and Ti as a part of
the alloy formula), and (2) turns potentially harmful
coarse primary intermetallics into useful substrates
for the nucleation of the aluminum.
This paper investigates the grain refining effi-
ciency of an Al-Zr-Ti intermetallic feedstock alloy
manufactured by salt-assisted synthesis. This alloy
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is used as a grain refining master alloy in combina-
tion with ultrasonic cavitation for two Al alloys
representative of wrought and foundry alloys.
EXPERIMENTAL
A master alloy with a nominal composition Al-
5 wt.% Zr-1.25 wt.% Ti* (MA2) was prepared by
reacting liquid Al with a K2TiF6-K2ZrF6 salt mix-
ture. The salts were mixed manually to assure that
the Zr:Ti ratio was 4:1 in the final composition. An
amount of 1 kg of commercial pure Al (CPAl) (99.7%
purity Al) was melted in a clay graphite crucible at a
temperature of 800C and the salt powder was
mixed using a graphite rod. The reaction and
subsequent increase in the temperature due to the
exothermic nature of the reaction was monitored
using a K-type thermocouple. The melt was allowed
to react with the salt for 30–60 min with intermit-
tent stirring and then cast in a 10-mm-diameter
metallic mold. The cast billets were subsequently
hot-rolled at 400C to a 6-mm-diameter rod using a
rolling machine.
A reference master alloy with a nominal compo-
sition Al-2 wt.% Zr-0.5 wt.% Ti (MA1) was prepared
from commercial binary master alloys (Al-6% Zr and
Al-5% Ti). It was not possible to make a more
concentrated master alloy using the commercially
available binary master alloys. Note that the same
4:1 ratio between the Zr and Ti concentrations was
maintained. The alloy was also cast and rolled as
described above.
In order to check the master alloy compositions,
the master alloys were diluted with CPAl to approx-
imately 0.2 wt.% Zr (within the detectable limits of
optical spectroscopy) and the resultant composition
was measured using optical emission spectroscopy
(Foundry Master). The experiments were repeated
several times to approximate the composition of the
alloys, which proved to be quite close (within
0.1 wt.%) to the nominal formulation.
Grain refinement experiments were conducted on
Al-3 wt.% Cu and A357 (7.4 wt.% Si, 0.5 wt.% Mg,
0.1 wt.% Fe, 0.1 wt.% Ti, remaining Al) alloys. An
amount of 500 g of each alloy was melted at 760C
in a clay graphite crucible. A master alloy was
added manually at 760C in the amount equivalent
to 0.2 wt.% Zr and was allowed to dissolve for
10 min with subsequent stirring of the melt. Ultra-
sonication (water-cooled magnetostrictive system
(Reltec), 17.5 kHz, 3.5 kW, 40 lm peak to peak
amplitude, Nb sonotrode dipped 1 cm below the
melt surface) was performed after the addition of
the master alloy in the temperature range 760–
700C. The processing time was about 30 s. All
alloys were cast at 700C in a metallic mold
preheated at 250C. Sound billets without obvious
casting defects were produced in all cases.
The cast samples were ground using SiC paper
(400–2500 grit size) and polished using OPS. To
determine and measure grain size, the polished
samples were anodised using a 4% HBF4 solution
for approximately 1 min at 20 VDC and analysed in
cross-polarized light with a filter in an optical
microscope (Zeiss Axioscope).
RESULTS
Figure 1 shows the cast (a), machined (b) and
rolled (c) billets of MA2. The optical microstructure
of MA1 (Fig. 2a and b) revealed large elongated
Al3Zr particles whereas MA2 (Fig. 2c and d) showed
fine Al3Zr particles evenly distributed in the matrix.
Rolling resulted in the fracture of the large inter-
metallic particles in MA1 but did not significantly
affect the size and distribution of intermetallics in
MA2. Figure 3 shows that the Al3Zr particles in
MA2 range in size from 1 lm to 30 lm and that 90%
of the particle sizes are between 1 lm and 13 lm.
Note that only Al3Zr (with dissolved Ti) was found
in the structure of master alloys.
The grain refinement efficiency of MA2 and MA1
was tested on Al-3 wt.% Cu and A357 alloys (Fig. 4).
With the equivalent addition of 0.2 wt.% Zr master
alloy to the Al-Cu alloy, the initial grain size
(390 lm ± 53 lm) was reduced to 320 lm ± 30 lm
by US, to 170 lm ± 24 lm by addition of MA2, and
to 120 lm ± 15 lm after the addition of both MA2
and US (Fig. 5). There was no difference observed in
the grain size of the alloys inoculated with cast and
rolled master alloys (MA2) when ultrasonication
was applied. Fine Al3Zr particles, of 7–12 lm in
size, were found located within the grains after US
processing (Fig. 6). The grain refinement efficiency
between MA1 and MA2 was compared for an A357
alloy (Figs. 4 and 7). In the A357 alloy, the initial
grain size (603 lm ± 1 20 lm) was reduced to
460 lm ± 32 lm after an MA1 addition introducing
0.2 wt.% Zr (Fig. 7a). With the subsequent applica-
tion of US, the grain size was further reduced to
190 lm ± 20 lm (Fig. 7b). At the same time, when
0.2 wt.% Zr was added by MA2, the grain size was
260 lm ± 35 lm, and ultrasonication reduced it
Fig. 1. Cast (a), machined (b) and rolled (c) billets of MA2.
*The 4:1 ratio between Zr and Ti follows previously published
work.9
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further to 140 lm ± 15 lm (Fig. 7c). Large den-
drites were still present in the A357 alloy inoculated
with MA1 and treated with US (Fig. 7b) when
compared with the alloy inoculated with MA2 and
treated with US, where more rosette-shaped grains
were formed (Fig. 7c).
Fig. 2. Microstructures of MA1 (a, b) and MA2 (c, d) after casting (a, c) and rolling (b, d).
Fig. 3. Al3Zr particle size distribution in as-cast and rolled MA2
master alloys.
Fig. 4. Grain size distribution in Al-3Cu and A357 alloys inoculated




The following exothermic reactions would occur in




13Alþ 3K2ZrF6 ¼ 3Al3Zrþ 3KAlF4 þK3AlF6
DG2 ¼ 179413:2þ 583:32T þ 0:01313T2
10:49 105T1
ð2Þ
According to the Al-Zr-Ti phase diagram, Ti has a
large solubility in the Al3Zr phase forming the DO23
phase Al3(Zr1xTix) up to x = 0.4.
12 Hence, reaction
(3) would be the most probable at the later stage of
the process.
Alþ 3K2TiF6 þ 3K2ZrF6 ¼ Al3 Zr; Tið Þ
þ 6KAlF4 þ 2K3AlF6 ð3Þ
The Al3Zr phase is a sufficiently potent nucleant
for aluminum as has been recently confirmed in a
thorough study that concluded that the crystallo-
graphic matching and the size distribution of Al3Zr
nucleant particles govern the grain refinement
efficiency of this phase.13 The reader is referred to
Ref. 13 for the details on the crystallography of
nucleation in the Al-Zr system.
It was shown that the dissolution of Ti in Al3Zr
changes its lattice parameters, which increases the
lattice mismatch with Al.14,15 The experimental
data,9 however, showed that the Ti presence is
beneficial for the grain refinement with Al3Zr
particles. The effect of Ti could be twofold. Firstly,
the changes in the lattice parameter may induce
internal stresses in the solidifying intermetallic and
make its cracking and fragmentation easier under
ultrasonic cavitation. Secondly, the free Ti may act
as a growth restriction element restricting the
growth of Al grains and providing constitutional
undercooling for the nucleation of new grains, just
as it does upon addition of a conventional Al-5Ti-1B
grain refiner.16 So the ultrasonication provides
refinement of the primary intermetallics to a critical
size at which they can act as seeds for Al crystals,
whereas free Ti restricts the growth of Al grains and
Fig. 6. Microstructure of an Al-3Cu alloy inoculated with MA2 and
treated with US (fine Al3Zr particles are visible within the grain bulk).
Fig. 5. Anodized microstructure of an Al-3Cu alloy: (a) no MA2, US;
(b) MA2, no US; (c) MA2 and US.
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promotes (through constitutional undercooling)
nucleation of new grains on Al3Zr intermetallics.
The Al3Zr phase is apparently not susceptible to Si
poisoning as this grain refining method works in
high-Si alloys with the same efficiency as in
wrought alloys.
As was already mentioned, MA1 contained larger
Al3Zr particles and hot rolling has fragmented only
some of these particles, whereas the remaining
large Al3Zr particles could be fragmented during
ultrasonic processing. At the same time, the rela-
tively low melt temperature (between 760C and
700C, which is below the liquidus of an Al-5% Zr
alloy) and short US time limit the dissolution of the
larger intermetallics rendering them useless for
nucleation of Al (as they supply less solute Zr into
the melt that can later on re-precipitate as fine
primary intermetallics). Therefore, the efficiency of
MA1 is less than MA2. In the case of MA2, almost
90% of the particles range between 1 lm and 13 lm
in size and either dissolve to re-form during melt
cooling or, if remaining undissolved, act as potential
substrates due to their small size. Therefore, MA2 is
able to induce significant reduction in the grain size
even without ultrasonication. Further grain reduc-
tion as a result of US processing is relatively small
in both tested alloys. For example, in the A357 alloy,
MA2 addition caused a 57% reduction in grain size
and another 20% after ultrasonication, whereas
MA1 addition reduced the grain size by 24% without
ultrasonication and by further 45% with ultrason-
ication. Similarly, the grain reduction achieved in
the Al-3 wt.% Cu alloy by sole addition of MA2 is
54% with only a further 16% attributed to ultra-
sonication. A previous grain refinement study on an
Al-2.5 wt.% Cu alloy containing 0.2 wt.% Zr added
by a commercial master alloy reported a grain size
of 280 lm without ultrasonication; however, ultra-
sonication at 700C resulted in significant grain
reduction to 58 lm.9 It can be ascertained from the
analysis of previous investigations7,9,15 and the
present study that ultrasonic treatment results in
a much greater reduction in grain size of the alloy
inoculated with MA1 type master alloy (or Zr and Ti
added separately). But with MA2-type master alloy,
where a large volume of fine Al3Zr particles are
already present, a smaller proportion of the grain
refining achieved results from ultrasonication.
CONCLUSION
A concentrated Al-Zr-Ti master alloy demon-
strates good performance as a grain refiner feed-
stock. This master alloy can be produced by the salt
synthesis route and be shaped as rods or billets
depending on its usage. The Al3Zr particle sizes can
be controlled within a few lm. The new master alloy
produced by in situ salt reaction showed significant
grain refinement potential even without ultrasoni-
cation. It demonstrated a 30% improvement in grain
refinement efficiency compared to the application of
a master alloy produced via a casting route. The
master alloy can be used to its full potential with the
assistance of ultrasonication in the liquid state
(down to the solidification range of primary inter-
metallics) typically possible in a direct-chill casting
or foundry operation. A reduction of up to 80% in
grain size was observed with the equivalent
0.2 wt.% Zr master alloy addition combined with
ultrasonication of the melt. The alloying elements
Fig. 7. Microstructure of an A357 alloy: (a) MA1, no US; (b) MA1, US
and (c) MA2, US.
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such as Zr and Ti are regularly used in commercial
Al alloys and, in addition to the grain refinement,
can be useful for recrystallization control.
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